Chromosome markers were developed for Arachis glandulifera using fluorescence in situ hybridization (FISH) of the 5S and 45S rRNA genes and heterochromatic 4'-6-diamidino-2-phenylindole (DAPI) positive bands. We used chromosome landmarks identified by these markers to construct the first Arachis species ideogram in which all the homologous chromosomes were precisely identified. The comparison of this ideogram with those published for other Arachis species revealed very poor homeologies with all A and B genome taxa, supporting the special genome constitution (D genome) of A. glandulifera. Genomic affinities were further investigated by dot blot hybridization of biotinylated A. glandulifera total DNA to DNA from several Arachis species, the results indicating that the D genome is positioned between the A and B genomes.
Introduction
The genus Arachis comprises 80 wild species and the cultivated crop Arachis hypogaea L. (Fabales, Fabaceae) commonly known as groundnut or peanut. All Arachis species are native to South America and have been arranged taxonomically into nine sections based on morphological characters and cross-compatibility relationships (Krapovickas and Gregory, 1994) . Species within section Arachis are distinguished from those belonging to other sections by having tap roots, erect main stems, prostrate lateral branches, tetrafoliate leaves, vertical pegs and flowers without prominent veins (Krapovickas and Gregory, 1994) .
This section comprises 29 wild diploid species (2n = 2x = 20, 2n = 2x = 18) and two allopolyploids entities (2n = 4x = 40), the cultigen A. hypogaea and its presumed wild progenitor Arachis monticola (Krapovickas and Gregory, 1994; Fernández and Krapovickas, 1994; Lavia, 1996 Lavia, , 2000 Peñaloza and Valls, 2005; Valls and Simpson, 2005) . Diploid species have received particular attention because they are being used as sources for several agronomic traits, including resistance to various pests and diseases, drought resistance and different life-cycle spans (Singh, 1986; Burow et al., 2001; Simpson, 2001; Mallikarjuna, 2002; Mallikarjuna et al., 2004) . For this reason, great efforts have been directed towards understanding the relationships between species, with particular attention to the genetic compatibility between the wild taxa and the cultivated peanut.
Except for the species with 2n = 18, for which the genome identity still remains uncertain, three different genomes have been proposed within section Arachis based on chromosome features and cross-compatibility relationships (Smartt et al., 1978; Singh and Moss, 1982, 1984; Singh, 1986; Stalker, 1991; Singh and Smartt, 1998) . Most of the species have symmetric karyotypes, mainly composed of metacentric chromosomes, which have been assigned to either A or the B genome types. The A genome is characterized by a small chromosome pair, the "A chromosome" (Husted, 1931; Smartt et al., 1978) and has been confirmed in 16 wild diploid Arachis species (Fernández and Krapovickas, 1994; Lavia, 1996 Lavia, , 2000 Peñaloza and Valls, 2005) . The A genome species also have heterochromatic bands in all, or almost all, of their chromosomes and are homogeneous in their gross karyotype structure (Seijo et al., 2004) . The remaining species with a symmetric karyotype do not have the "A chromosome" pair and have been traditionally included in the B genome. These taxa are more diverse in karyotype formula and in the presence and distribution of heterochromatin (Raina and Mukai, 1999; Seijo et al., 2004) . Tetraploid species have an AABB genome constitution, and it has been demonstrated that they originated by hybridization of two wild diploid species, one with the A genome and the other with the B genome Gregory, 1976, 1979; Seijo et al., 2007) .
The D genome is the third so far described for the section and it has been proposed to be exclusive to Arachis glandulifera. The assignment of a different genome type for this species was mainly based on morphological traits and results from interspecific crossings, using Arachis duranensis (A genome) and Arachis batizocoi (B genome) as representatives of their genome type (Stalker, 1991) . Although hybrids have been obtained in low frequency from those crosses, all the plants were highly sterile. However, the chromosome pairing of the hybrids into five to eight bivalents at meiotic metaphase demonstrated a certain degree of homology between the chromosomes of A. glandulifera and those of A. duranensis and A. batizocoi.
According to the available cytogenetic data, A. glandulifera is characterized by an asymmetric karyotype made up of several submetacentric and subtelocentric chromosomes and without the small "A chromosome pair". However, different karyotype formulas have been proposed by different authors for the four populations so far known of this species (Stalker, 1991; Fernández and Krapovickas, 1994) . Some of the differences observed in chromosome morphology were attributed to polytypic variation, while others were considered as miss-identification of chromosomes (Fernández and Krapovickas, 1994) .
Concerning the genomic relationships, it has been hypothesized that A. glandulifera has evolved from other member of the section through pericentric inversions and/or translocations (Stalker, 1991) . In this sense, and from a karyotype point of view, the main candidate would be A. batizocoi, since according to Fernández and Krapovickas (1994) it is the species within section Arachis with the least symmetric karyotype aside from A. glandulifera.
Different analyses using molecular markers have shown a closer relationship between A. glandulifera and the B genome group of species, particularly with A. batizocoi, and a more distant relationship with the A genome species Tallury et al., 2005) . However, analysis of the plastid trnT-L region has shown that A. glandulifera lies in an unresolved polytomy out of the clusters formed by A and B genome species (Tallury et al., 2005) . Additionally, a simple sequence repeat (SSR) analysis by Moretzsohn et al. (2004) showed that A. glandulifera formed a cluster with some 2n = 18 species and with Arachis cruziana. Therefore, the relationship of A. glandulifera with other species within section Arachis is still not well understood. Moreover, in spite of much effort the exact genome identity of A. glandulifera is still unresolved and the molecular methods employed so far have not generated fingerprintings for the D genome.
Detection of rRNA genes by fluorescent in situ hybridization (FISH) has proved to be a useful tool in studies of plant genome organization, chromosome homeologies, cytotaxonomy and evolution (Jiang and Gill, 1994; Moscone et al., 1999; Lim et al., 2000; Nakamura et al., 2001) . Raina and Mukai (1999) applied this approach to a few Arachis species and demonstrated that the number of ribosomal rDNA loci is variable. Subsequently, the mapping of these sites and heterochromatic bands provided new information on the genomic characterization and phylogenetic relationship of the group (Seijo et al., 2004) . Furthermore, physical mapping of chromosome markers allowed the establishment of several homeologies between species and served as a base for the construction of a comparative FISH-based Arachis genetic map (Seijo et al., 2004) .
In the present study, we investigate the genomic affinities of A. glandulifera with representative species of the A and B genomes by comparing several chromosome landmarks and by total genome DNA hybridization. We constructed the first karyotype for an Arachis species in which all the homologous chromosomes were identified by physically mapping the 5S and 45S rRNA gene loci by FISH and by the establishment of heterochromatic 4'-6-diamidino-2-phenylindole (DAPI) positive banding patterns. The cytogenetic landmarks developed allowed a precise characterization of the D genome and the establishment of some homeologies with the published karyotype for other Arachis species. The data provided will contribute to the characterization of wild Arachis species, thereby aiding in understanding the variability contained in the secondary gene pool of A. hypogaea.
Materials and Methods

Plant material and chromosome preparations
Vouchers specimens of the three populations of Arachis glandulifera (population accession numbers SeSn 3263, SeSn 3230 and SeSn 3267) analyzed in the FISH experiments and those of species used in dot blot assays (Table 1) are deposited at the Bolivian National Herbarium (Herbario Nacional de Bolivia -LPB) and at the Herbarium of the Botanical Institute of the Northeast, Argentina (Herbario of the Instituto de Botánica del Nordeste, Argentina -CTES). Ovaries from matured flowers were collected in the field and pretreated with 2 mM 8-hydroxyquinoline (Sigma) for three hours at room temperature (Fernández and Krapovickas, 1994) and then fixed in 3:1 absolute ethanol:glacial acetic acid for a minimum of 12 h at 4°C. Somatic chromosome spreads were prepared according to Schwarzacher et al. (1980) . Ovules were macerated in 1% (w/v) Trichoderma viridae cellulase (Onozuka R-10; Serva, Heidelberg, Germany) plus 10% (w/v) Aspergillus niger pectinase (Sigma) dissolved in 40% (v/v) glycerol in 0.01 M citrate buffer (pH 4.8) at 37°C for two hours and then squashed in 45% (v/v) aqueous acetic acid. After re-moval of the coverslip with gas carbon dioxide the slides were air dried, aged for one to two days at room temperature and stored at -20°C until use.
Probe labeling and fluorescent in situ hybridization
The 5S rDNA and 45S rDNA loci were localized using the probes amplified from total DNA of A. hypogaea subsp. fastigiata Waldron var. aequatoriana Krapov. and W.C. Gregory (race Zaruma. Ecuador, Quito, Collection Number: Banks, Pietrarelli and Zurita 683). For the 5S rDNA loci were detected by the plasmid clone pA5S, which contains a 326 bp fragment corresponding to 5S rRNA gene repeated unit and the adjacent intergenic spacer of A. hypogaea; amplified using the primers: A5Sfwd (5'-GAG GAATTCTAGGATGGGTGAC-3') and A5Srev (5'-TCC GAATTCTACTCTCGCCC-3'). The 45S rDNA loci were detected using an equimolar mixture of the plasmid clones pA18S and pA26S. The plasmid clone pA18S contains a 1572 bp fragment corresponding to the coding region of the 18S rRNA gene of A. hypogaea, amplified using the primers: A18Sfwd (5'-GCTAATACGTGCAACAAACCCC G-3') and A18Srev (5'-GGACTTCTCACAACGTCGCC G-3'). The plasmid clone pA26S contains a 3366 bp fragment corresponding to the coding region of the 26S rRNA gene of A. hypogaea, amplified using the primers: A26Sfwd (5'-GATTCCCCTAGTAACGGCGAG-3') and A26Srev (5'-TGGATCGTGGCAGCAAGGCC-3'). The three amplified fragments were cloned in pGEM®-T Easy vector (Promega) and their identities were determined by sequencing.
Probes were labeled by nick translation with digoxigenin-11-dUTP (Boehringer) or biotin-11-dUTP (Sigma). Pretreatment of preparations, chromosome and probe denaturation, conditions for the in situ hybridization, posthybridization washing, blocking and indirect detection by fluorochrome conjugated antibodies were performed according to Moscone et al. (1996) . The concentration of each DNA probes used in the hybridization mixes was of 2.5 ng μL -1 to 3.5 ng μL -1 . The first set of antibodies consisted of mouse anti-biotin (Dakopatts) and sheep antidigoxigenin conjugated to fluorescein isothiocyanate (FITC) (Boehringer). The second set of antibodies consisted of rabbit anti-mouse conjugated to tetramethyl-rhodamine isothiocyanate (TRITC) (Dakopatts) and FITCArachis D genome characterization 3 conjugated rabbit anti-sheep (Dakopatts). Preparations were counterstained and mounted with Vectashield medium (Vector Laboratories, USA) containing 2 mg mL -1 of DAPI. The DAPI counterstaining subsequent to FISH resulted in a C-banding like pattern with major heterochromatic bands fluorescing more intensely, aiding in the chromosome identification (Moscone et al., 1996 (Moscone et al., , 1999 . Chromosomes were viewed and photographed with a Leica DMRX epifluorescence microscope (Leica) equipped with a computer-assisted Leica DC 350 digital camera system. Red, green and blue images were captured in black and white using appropriate filters for TRITC, FITC, and DAPI excitation, respectively. Digital images were combined using IM 1000 Leica software and then imported into Photoshop, version 7.0 (Adobe) for final processing.
Karyotype analysis was accomplished using at least five metaphase plates per plant for chromosome measurements using the free version of the MicroMeasure 3.3 program. The centromeric index (CI), calculated as CI = short arm length (μm) x 100/chromosome length (μm), was used to classify the chromosomes as metacentric (m) with CI = 50 to 37.51, submetacentric (sm) with CI = 37.50 to 25.01 or subtelocentric (st) with CI = 25 to 12.51 (Levan et al., 1964) . Different lengths of the same arm (and band/locus, where applicable) from homologous chromosomes were combined, mean values calculated and then represented in the haploid complements of the ideograms. Each chromosome pair was ordered in groups according to morphology and within each group by decreasing size. Accordingly, they were named from D1 to D10, where D is used in reference to the D genome. Intercalary markers were mapped using the di index calculated as di = d x 100/a, where d = distance (μm) of band center from the centromere and a = length (μm) of the corresponding chromosome arm (Greilhuber and Speta, 1976) .
Dot blot assays
Genomic DNA of 11 wild diploid species belonging either to the A or B genomes and to the cultigen A. hypogaea (Table 1) were spotted onto Zeta-Probe nylon membranes (Bio-Rad). Representative diploid species having the A genome were selected according to the groups proposed by Gregory and Gregory (1976) , and those bearing the B genome considering their geographical distribution and the presence or absence of heterochromatic bands in their karyotypes. For each species three dots with 0.50, 0.25 and 0.125 μg of genomic DNA were applied to the membrane, which was then incubated in pre-hybridization solution (containing: formamide, 60% (v/v); SDS, 7% (w/v); Na 2 HPO 4 , 0.12 M (pH 7.2); NaCl, 0.25 M; EDTA, 1 mM) at 37°C for 1 h. For hybridization, 600 ng of A. glandulifera (Accession number: SeSn 3263) denatured biotinylated total DNA was added to the pre-hybridization solution and incubated at 37°C overnight. Post-hybridization washes were performed in 2x standard saline citrate (SSC), 0.5x SSC and 0.2x SSC for 5 min each at room temperature (all washing solution contained 0.1% (w/v) SDS. Under this stringency condition, at least 80% to 85% identity of nucleotide sequence is necessary for hybridization. Hybridized biotinylated DNA was visualized by colorimetric detection using streptavidin/alkaline phosphatase conjugate (Amersham Biosciences) and SIGMA FAST NBT-BCIP (Sigma). All chemicals from Sigma unless otherwise stated.
Results
Chromosome identification and construction of a detailed ideogram
A consensus ideogram based on the measurements of the metaphases from five plants of three analyzed populations, together with the chromosome markers generated by mapping the rDNA loci and the DAPI+ heterochromatic blocks was developed (Figure 1a ). The karyotype formula was 8 m + 4 sm + 8 st (Table 2) , with a chromosome length ranging between 3.36 μm and 4.65 μm and a mean length of the haploid karyotype of 38.22 μm ± 6.32 μm. The indexes of asymmetry A1 and A2 revealed a moderate degree of intrachromosomal asymmetry (A1 = 0.49), but low interchromosomal asymmetry (A2 = 0.09).
The D2 chromosome pair bore a macrosatellite in the long arm and displayed an extended paracentromeric secondary constriction. Eight chromosome pairs had DAPI+ heterochromatic bands and the total amount of this type of heterochromatin per haploid karyotype was 13.09%. The bands were mainly pericentromeric, but they showed variable size and intensity allowing homologous identification (Figure 1b) . Subtelocentric chromosomes had the biggest heterochromatic blocks, reaching up to 29.05% of the chromosome length in the D7 pair. The remaining chromosomes bearing bands had small and faint blocks corresponding to less than 7.78% of the total length, except for the satellited chromosomes that showed a medium-sized band ( Table 2 ). The D7 pair was characterized by the presence of two heterochromatic blocks, one pericentromeric and the other interstitial, whereas the D5 pair was unique since it presented only an interstitial band. The chromosomes without bands corresponded to the metacentric D4 and submetacentric D6 pairs, which are the smallest of the karyotype.
All the plants of the three populations showed a similar heterochromatin distribution, except for one interstitial band: this variation corresponding to an intrapopulation polymorphism detected in the subtelocentric D10 chromosomes. In most plants analyzed this chromosome pair had only a pericentromeric DAPI+ band, however an additional heterochromatic band was observed in the interstitial position on the long arm of the D10 chromosomes in one SeSn 3263 plant.
The in situ hybridization revealed only one 5S rDNA locus located in a subterminal position on the long arms of the D5 pair in all the accessions analyzed, although up to ten loci for the 45S rRNA genes were observed (Figure 1b) . Chromosome pair D2 was hybridized all along the extended secondary constrictions, indicating that they bore the ribosomal gene clusters participating in the formation of the nucleolus in the preceding interphase. The D9 and D10 subtelocentric pairs presented high-intensity interstitial hybridization sites on the long arms, while faint signals were observed in subterminal position on the short arms of pair D1 and in the interstitial position on the long arms of D6 pair. The pattern of signal intensity for the 45S rDNA sites described was constant for all the analyzed metaphases. However, some differences in the number of 45S rDNA sites were observed between populations. The largest number of sites observed in the metaphases analysed was ten for the A. glandulifera accession SeSn 3263, whereas accession SeSn 3230 presented eight sites and SeSn 3267 six sites. The differences found corresponded to the absence of the subterminal hybridization sites on chromosome pair D1 for accessions SeSn 3267 and SeSn 3230, and an interstitial site on chromosome pair D6 for accession SeSn 3267.
Genome affinity of A. glandulifera with other species of section Arachis was investigated using the patterns of genomic DNA hybridization between A. glandulifera and 11 wild diploid species (Figure 2) . Biotinylated DNA of A. glandulifera showed a strong hybridization signal with most of the species at the higher DNA concentrations dots (0.25 μg and 0.50 μg), hampering the determination of any genome affinity. Nevertheless, hybridization differences were evident in the dots with 0.125 μg of DNA. The A genome Arachis trinitensis, Arachis kuhlmannii and Arachis Arachis D genome characterization 5 (table 1) under stringency conditions requiring at least 80% to 85% nucleotide identity.
kempff-mercadoi and the B genome Arachis ipaensis and
Arachis williamsi presented the strongest signals, whereas the hybridizations of the remaining species were weak. The only species which showed very low affinity with A. glandulifera at any DNA concentration was Arachis decora, which belongs to the small group of species having 2n = 18 chromosomes.
Discussion
Genomic inferences by means of chromosome analysis consider that species with homologous genomes may show similar karyotypes and display similar patterns of chromosome markers as opposed to those with dissimilar genomic backgrounds. Based on this, we used molecular cytogenetic techniques to explore the chromosomes of A. glandulifera and obtain valuable information to test the uniqueness of its genome within section Arachis, and whether-or -not any karyotype affinity with other species could be established. The bulk of chromosome markers found allowed the unequivocal identification of all the complement pairs and the construction of the first wholly-resolved Arachis ideogram, which could not only be a useful reference for the location of new chromosomal markers but also to correlate the Arachis genetic linkage map with physical chromosomes.
The karyotype formula of 8 m + 4 sm + 8 st for A. glandulifera revealed by FISH was similar to that reported by Fernández and Krapovickas (1994) . The small differences in chromosome morphology observed could be explained as an artifact caused by the proteinase treatment used for chromosome permeation (Schwarzacher and Heslop-Harrison, 2000) .
The unimodality of the A. glandulifera karyotype, shown by a low A2 index is a character shared with all other species of the section, although the moderate degree of intrachromosomal asymmetry (A1) is a distinguishing trait of this taxon.
Our DAPI banding analysis demonstrated a very characteristic pattern of heterochromatin distribution. The presence of big heterochromatic blocks at pericentromeric and interstitial positions on the subtelocentric chromosomes, including up to one third of the length of the longest chromosomes of the karyotype, were not observed in any other species of Arachis. In spite of these large blocks the percentage of total heterochromatin per haploid karyotype (13.09%) is just below that observed for other A or B genome diploid species with heterochromatic bands (Seijo et al., 2004) . The maintenance of the amount of heterochromatin per haploid genome in A. glandulifera resides in the fact that two pairs of its complement have no DAPI+ bands.
It has been shown that Arachis species usually have all, or almost all, the chromosomes of the complement with pericentromeric bands (A genome species) or without bands (B genome species) (Raina and Mukai, 1999; Seijo et al., 2004) . Within the latter group, A. batizocoi is an exception since it has heterochromatic bands in all chromosome pairs except one (Seijo et al., 2004) . This feature, together with the fact that the small A chromosomes are absent in D genome species, show that the complement of A. batizocoi is the most similar to that of A. glandulifera.
The analysis of 45S rRNA genes demonstrated that A. glandulifera has the highest number of sites so far described for any diploid species of Arachis. The larger 45S rDNA locus on the active nucleolar-organizing regions of chromosome D2 is similar in size and position to the active 6
Robledo and Seijo ets) . m = metacentric, sm = submetacentric, st = subtelocentric, sa = short arm, la = long arm, di = distance index (Greilhuber and Speta, 1976 sites of other species of the section. However, the interstitial position of the non-active sites in chromosomes with bands is a special feature of A. glandulifera. In other species, when interstitial sites were observed, they were exclusively borne by one pair of unbanded chromosomes (Seijo et al., 2004) . The only exception is A. batizocoi, which has interstitial loci of 45S rRNA genes on two chromosome pairs with heterochromatic bands. Therefore, according to the chromosome mapping of these genes, A. batizocoi also appears as the species having the most similar karyotype to A. glandulifera. The 5S rRNA gene clusters have always been reported in paracentromeric position in all the Arachis species so far analyzed (Seijo et al., 2004) , thus the distal position of these loci on the long arms of chromosome pair D5 is also an exclusive character of A. glandulifera. The FISH signal strength of a particular locus is positively related to the number of copies of the repeated sequences present in the cluster (Moscone et al., 1999 and references included in it). Taking in account this relationship, the fact that signal intensity of the 45S rDNA sites on chromosome pairs D1 and D6 of A. glandulifera accession SeSn 3263 was very poor may indicate that these clusters have a low number of copies. Moreover, according to this rationale, loci number differences between accessions of different provenance could be attributed to either true polymorphism or the presence of loci with copy number below the minimum sequence size resolved by in situ hybridization.
Chromosome homeologies have been established between species of the same genome type, and to a less extent between species of the A and B genome groups (Seijo et al., 2004) . Comparison of the A. glandulifera ideogram with those so far published for other Arachis species revealed very few homeologies with all A genome species and with those species included in the B genome that lack heterochromatic bands. Although some homeologies could be established between A. glandulifera and A. batizocoi, there are still many gross karyotype differences that support the criteria for keeping A. glandulifera as having a different genome, the D type.
Molecular markers have shown that A. glandulifera is more distantly related to the A genome species than to the B genome species Tallury et al., 2005) . Within the latter group, A. batizocoi appears as the species with higher genome affinity with A. glandulifera. These data are in agreement with our analysis on gross karyotype features and with the chromosome markers as well. However, dot blot hybridization challenges those results, since A. glandulifera DNA showed less genomic affinity with A. batizocoi than with any other species of the B genome group and even than the species included in A genome group. Considering the B genome taxa, the fact that A. glandulifera DNA showed strongest hybridization with A. williamsi followed by A. ipaensis, resembles the results obtained with the analysis of the plastid trnT-L region, in which A. glandulifera clustered in a sister clade to that formed by A. batizocoi and some other B genome species (Tallury et al., 2005) . Moreover, in that analysis A. williamsi was joined by a polytomy to the cluster of D genome species, whereas A. ipaensis was included (although with a low bootstrap value) into the base of the clade of the B genome species. On the other hand, the weaker hybridization of A. glandulifera DNA with A. benensis is in accordance with the phylogenetic analysis based on amplified fragment length polymorphism (AFLP) polymorphisms since these species clustered in different clades . The strong hybridization of A. glandulifera DNA with A. trinitensis, A. kuhlmannii and A. kempffmercadoi, which grouped into the cluster of the A genome entities by AFLP analysis Tallury et al., 2005; Moretzsohn et al., 2004) , may reflects an intermediate position of A. glandulifera between the A and B genome clades, as was proposed from the analyses of the plastid trnT-L region (Tallury et al., 2005) . Dot blot analysis in plants relies largely on the hybridization of genome repetitive sequences since they are a major component of genomes. Rapid evolution of those sequences can lead to changes in sequence motif and/or abundance of a particular sequence even between narrowly related species (Schmidt and Heslop-Harrison, 1998; Alkhimova et al., 2004) , without being necessarily related to changes in the gross karyotype morphology (Ugarkovic and Plohl, 2002) . This fact may explain, at least in part, the incongruence between molecular and chromosome data, reflecting differences in the rate and direction of evolution at each level.
In summary, our results have revealed the special genomic identity of A. glandulifera and although the data were not conclusive in determining the most related extant species to A. glandulifera the data did show a general similarity between the karyotype of A. glandulifera and A. batizocoi.
